Impaired endoplasmic reticulum (ER) stress response has been suggested as a possible pathophysiological mechanism of bipolar disorder (BD). The expression of ER stress-related genes, spliced form or unspliced form of XBP1, GRP78 (HSPA5), GRP94 (HSP90B1), CHOP (DDIT3), and calreticulin (CALR), were examined in lymphoblastoid cells derived from 59 patients with BD and 59 age-and sex-matched control subjects. Basal mRNA levels and induction by 4 h or 12 h of treatment with two ER stressors, thapsigargin or tunicamycin, were examined using real-time quantitative reverse transcription-polymerase chain reaction. Induction of the spliced form of XBP1 as well as total XBP1 by thapsigargin was significantly attenuated in patients with BD. Induction of GRP94 by thapsigargin was also decreased in the BD group. A haplotype of GRP94, protective against BD, exhibited significantly higher GRP94 expression upon ER stress. This report confirms and extends earlier observations of impaired ER stress response in larger samples of lymphoblastoid cell lines derived from BD patients. Altered ER stress response may play a role in the pathophysiology of BD by altering neural development and plasticity.
Introduction
Bipolar disorder (BD) is a severe mental illness characterized by recurrent episodes of mania and depression that affects about 1 % of the population (Goodwin and Jamison, 2007) . Although genetic factors contribute to the onset of this illness, genetic risk factors or causative genes have not been elucidated (Kato, 2007) . Studies of action mechanisms of mood stabilizers revealed that both lithium and valproate have direct actions on neurons, including protection of neurons from cell death or enhancement of neurogenesis (Chuang, 2005 ; Manji and Duman, 2001) . Among the findings obtained from neuroimaging studies of BD, increased incidence of white-matter hyperintensity is one of the most replicated findings (Altshuler et al., 1995) ; a meta-analysis showed that 9 out of 10 studies supported this finding (Videbech, 1997) . Because this finding is a non-specific finding and there is no specific brain region, the infarction of which causes bipolar disorder, it would be more reasonable to assume that the hyperintensity lesion is not a causative factor but that brain cells of patients with bipolar disorder are more vulnerable to mild hypoxia. Decreased levels of N-acetylaspartate in the brain also suggest impaired integrity of neurons of BD patients (Stork and Renshaw, 2005) . A study using olfactory neuroepithelium showed that cells derived from BD patients were more vulnerable to cell death (McCurdy et al., 2006) . Studies of peripheral blood cells showed increased levels of calcium in platelets, lymphocytes and lymphoblastoid cells (reviewed by Warsh et al., 2004) . These findings together suggest that BD patients have some vulnerability or impaired resilience at the cellular level (Kato, 2008 ; Shaltiel et al., 2007) .
However, the actual mechanism of such cellular impairment, if any, has not been elucidated. Suggested mechanisms for the effects of mood stabilizers on neurons include, among others, depletion of inositol (Williams et al., 2002) , up-regulation of bcl-2 on mitochondrial outer membrane (Chen et al., 1999b) , upregulation of endoplasmic reticulum (ER) chaperones (Chen et al., 2000) , and inhibition of GSK-3b (Chen et al., 1999a) effects on the extracellular signal-regulated kinase (ERK) pathway (Yuan et al., 2001) . It is still unknown which of these mechanisms has the most important effect on BD and it remains to be clarified what signal cascade is impaired in the cells of BD patients.
To address this question systematically, we previously used DNA microarray analysis of lymphoblastoid (LB) cells derived from two pairs of monozygotic twins discordant with respect to BD and found down-regulated expression of XBP1 and GRP78 (HSPA5) in both affected twins (Kakiuchi et al., 2003) . Because both of these genes are related to the ER stress response pathway, we focused on this pathway as a possible molecular cascade responsible for BD.
ER is a site of synthesis, folding, and modification of secretory and cell surface proteins (Yoshida, 2007) , and this organelle is widely distributed throughout neurons (Murakami et al., 2007) . Various cellular insults or increased demands of protein synthesis cause accumulation of unfolded proteins in the ER lumen. This condition is designated as ER stress. Unfolded protein response (UPR) is one of the adaptive responses by which cells protect themselves from ER stress. UPR consists of four signalling cascades : (1) induction of ER chaperones, e.g. GRP78 (also named HSPA5 or BiP), GRP94 (HSP90B1), calreticulin (CALR), which promotes the folding of unfolded proteins ; (2) inhibition of protein synthesis ; (3) induction of an ER-associated degradation pathway ; and (4) induction of CHOP, a transcription factor implicated in ER stress-induced apoptosis.
XBP1 is a pivotal transcription factor that plays a crucial role in the induction of ER chaperones such as GRP78 and GRP94 (Lee et al., 2002 ; Yoshida et al., 2001) . With ER stress, IRE1a, an endoribonuclease on ER membranes, cleaves a 26-nt fragment from an unspliced form of XBP1 mRNA (XBP1u), inducing a frame shift of the open reading frame of the message. XBP1 protein encoded by the spliced mRNA (XBP1s) is a potent transcription factor inducing the expression of ER chaperone genes.
Several lines of evidence support the involvement of UPR dysfunction in the pathophysiology of BD. Pharmacological studies suggested that ER chaperones such as GRP78, GRP94, and CALR are target genes of the mood stabilizers valproate (Chen et al., 2000) and lithium (Shao et al., 2006) . The antimalarial drug mefloquine, which is known to cause BD in susceptible individuals, causes ER stress (Dow et al., 2003) . Serotonergic stimulation or immobilization stress activates XBP1 splicing (Toda et al., 2006) . Frequent comorbidity of mood disorders has been reported in Wolfram syndrome (Swift and Swift, 2000) caused by mutations of WFS1 that encodes an ER stress-related protein (Fonseca et al., 2005) regulated by XBP1 (Kakiuchi et al., 2006) .
We found that up-regulation of XBP1 and GRP78 in response to ER stress caused by thapsigargin treatment was attenuated in the cells derived from BD patients and identified that a single nucleotide polymorphism (SNP), 'x116C>G ' on the promoter region of XBP1 (rs2269577) that removes the XBP1-binding sequence significantly attenuated this response (Kakiuchi et al., 2003) . The attenuated XBP1 response was partially rescued by valproate treatment. Although we initially reported that this SNP (rs2269577) was significantly associated with BD, this association was not replicated by subsequent studies (Cichon et al., 2004 ; Hou et al., 2004) . We also reported that genetic variants of GRP78 (HSPA5) (Kakiuchi et al., 2005) and GRP94 (HSP90B1) were associated with BD in Japanese individuals.
Recently, So and colleagues reported that LB cells derived from BD patients showed a striking decrease in the response of XBP1 and CHOP to two ER stressors, thapsigargin and tunicamycin (So et al., 2007) . The induction of GRP78 did not differ from controls. To confirm and extend this finding in a relatively small number of samples (20 patients with bipolar I disorder and 10 healthy controls), we measured the induction of major UPR-related genes, spliced or unspliced forms of XBP1, GRP78, GRP94, CHOP, and CALR in response to ER stress, in more than 100 LB cells (obtained from 59 healthy individuals and 59 BD patients). 
Cell cultures and drug treatment
Lymphocytes were separated from the peripheral blood and transformed by Epstein-Barr virus. LB cells were cultured in RPMI 1640 (Sigma ; St Louis, MO, USA) containing 10 % fetal bovine serum (FBS) as described previously (Kato et al., 2003) . All LB cells were used after two rounds of freezing and reculturing. For induction of ER stress, we incubated LB cells with thapsigargin (0.3 mM) or tunicamycin [2.38 mM (2 mg/ml)] for either 4 h or 12 h. We selected these time-points because 4 h is the peak of XBP1 splicing and XBP1u expression, and 12 h is the peak of GRP78 expression. Thapsigargin inhibits the sarcoplasmic/ ER Ca 2+ ATPase (SERCA) leading to a rise in the cytosolic Ca 2+ level and reduction in the ER Ca 2+ level (Treiman et al., 1998) . Tunicamycin prevents the glycosylation of newly synthesized proteins in the ER, causing the accumulation of unfolded proteins in the ER (Tordai et al., 1995) . The same quantity of dimethylsulfoxide in the medium was added as vehicle control (0.5 ml in 10 ml medium). All experimental procedures and data analyses were performed blindly to the diagnosis or any other clinical variables.
RNA extraction and real-time quantitative reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was prepared from LB cells using TRIzol reagent (Invitrogen, San Diego, CA, USA), followed by DNase I (Takara Bio, Shiga, Japan) treatment to exclude genomic DNA. The SuperScriptII first-strand synthesis system with oligo(dT) (Invitrogen) was used to synthesize cDNA according to the manufacturer's instructions. Resulting cDNAs were subjected to a TaqMan RT-PCR assay (Applied Biosystems, Foster City, CA, USA) for the quantification of mRNA levels. The primer sequences were as follows : (sense) 5k-GGTCCAAGTTGTCCAGAATGC-3k [spliced form of XBP1, (XBP1s)], 5k-CTCAGACTACGTGCACCTCT-GC-3k [unspliced form of XBP1, (XBP1u)] ; (antisense) 5k-GCCAGTGGCCGGGTCT-3k (XBP1s), 5k-AGTCAA-TACCGCCAGAATCCAT-3k (XBP1u) ; (FAM-labelled probe) : 5k-CCTGCACCTGCTGCGGACTCAGC-3k (XBP1s), and 5k-CAGGTGCAGGCCCAGTTGTCAC-C-3k (XBP1u). To validate the XBP1 variant specificity of each probe set, an external control standard curve was determined by PCR with the serial dilution of pcDNA/human XBP1s or pcDNA/human XBP1u plasmid as template. To test the degree of crossreaction, we also performed quantitative PCR with the XBP1s plasmid template and XBP1u-specific probe, or with the XBP1u plasmid template and XBP1s-specific probe. These standard curves displayed a linear relationship between C t values and the logarithm of the input plasmid amounts ( Figure S1 , see Supplementary Online Appendix). Although PCR efficiency of the undesirable cross-reaction was considerably less than the specific reaction, the contribution of the crossreaction was subtracted from the absolute value estimated by the specific reaction. All other assays were performed using the Assay-on-Demand service (Applied Biosystems) ; GRP94 (Assay ID, Hs00427665_ g1), GRP78 (Hs00607129_gH), CALR (Hs00189032_m1), CHOP (Hs00358796_g1), and GAPDH (Hs99999905_ m1). We measured the DC t =C t (each gene)xC t (GAPDH) for each sample in quadruplicate. The relative expression level was calculated by 2 xDCt . The fold change was defined by the ratio of the relative expression level after stimulation by thapsigargin or tunicamycin to the basal relative expression level.
Genotyping of XBP1, GRP78, and GRP94
Genomic DNA was extracted from LB cells using standard protocols. Polymorphisms of XBP1 (rs2269577), GRP78 (HSPA5) (rs391957, rs17840761, and rs16927997), and GRP94 (HSP90B1) (rs1165681 and rs17034977) were genotyped by commercially available TaqMan SNP genotyping assays.
In our previous paper, a haplotype (CGCTT) of five SNPs, rs1165687, rs1882019, rs17034977, rs703657, and rs2293618, in the GRP94 gene was reported as a protective haplotype against BD. This haplotype was divided into two haplotypes based on the other upstream SNP (rs1165681), C-CGCTT and T-CGCTT. C-CGCTT was more strongly associated with BD (p=0.0000037, in comparison with the association with entire CGCTT, p=0.00094) (C. Kakiuchi et al., unpublished observations) . In this study, we genotyped two SNPs, rs1165681 and rs17034977, to determine this 6-marker haplotype. This haplotype associated with BD (C-CGCTT) was named ' haplotype C-3 '.
Genotyping was performed by ABI7900HT according to the protocol recommended by the manufacturer (Applied Biosystems).
Statistical analysis
The Mann-Whitney U test and Kruskal-Wallis test were used because these tests are robust to deviation from the normal distribution ; p<0.05 was considered as significant. Multiple statistical analysis was not corrected because this study is based on a hypothesis and intended to replicate the previously reported findings. For the analysis of the effect of clinical variables, Spearman's coefficient of correlation was also used.
To test the effect of confounding factors, two-way analysis of covariance (two-way ANCOVA) with factors of diagnosis (d.f.=1, BD or control) and sex (d.f.=1), and a covariance of age was applied. To test the interactions between the genotype and other factors, three-way ANCOVA with the factors of
, and a covariant of age was applied. When a significant interaction between genotype and diagnosis was found, one-way ANOVA was applied to each group (BD or control). When a significant effect of genotype was found by one-way ANOVA, multiple comparison by Bonferroni correction was applied. These statistical analyses were performed by SPSS for Windows version 11.0 (SPSS Japan, Tokyo).
Results

Baseline
At baseline, no differences in the mRNA levels of XBP1t (total XBP1), XBP1s, XBP1u, GRP94, GRP78, CALR, and CHOP were found between BD patients and controls (Table 2) . A significant effect of sex was found for XBP1s, XBP1u, XBP1t, ratio of XBP1s/ XBP1u, CHOP, and GRP94 using two-way ANOVA (Tables S1, S2, online). No other main effects and interactions were statistically significant.
XBP1
The up-regulation of ER stress-related genes in response to thapsigargin and tunicamycin was examined by real-time RT-PCR. In the presence of thapsigargin or tunicamycin, expression of XBP1t increased by approximately 150 % after 4 h of drug application and increased expression continued, to a lesser degree, at 12 h.
The thapsigargin-induced increase of XBP1t at 12 h was significantly lower in the BD group than in the control group (Figure 1a, d ; p=0.019 in Mann-Whitney U test). Similarly, the BD group exhibited significantly reduced induction of XBP1s at both 4 h and 12 h (Figure 1b , e ; p=0.027, p=0.008 in Mann-Whitney U test, respectively). There was no significant difference in XBP1u induction between BD patients and controls (Figure 1c) . Two-way ANCOVA showed a significant main effect of diagnosis, but not sex, for these parameters (XBP1t 12 h after thapsigargin, XBP1s 4 h after thapsigargin, and XBP1s 12 h after thapsigargin) and XBP1u 12 h after thapsigargin (Table S1 , online). There was no statistically significant difference of XBP1 inductions between the genotypes of XBP1 x116 C/G polymorphism (C/C, n=12 ; C/G, n=45 ; G/G, n=61, Kruskal-Wallis test, p>0.05). Three-way ANCOVA showed a significant interaction between diagnosis and genotype for XBP1t 12 h after tunicamycin. A trend of diagnosisrgenotype interaction was found for XBP1s 12 h after tunicamycin, and XBP1u 4 h after tunicamycin (Table S3 , online, Figure 2 ).
GRP94
GRP94 induction 12 h after thapsigargin treatment was also significantly reduced in BD patients (Figure 3a, b) . Two-way ANCOVA also revealed a significant effect of diagnosis (p=0.005), but not sex, on GRP94 induction (Table S1 , online).
We previously reported that the haplotype of GRP94 was associated with BD, which was replicated in two independent Japanese sample sets . The protective haplotype (haplotype C-3) was determined by two SNPs (rs1165681 and rs17034977). The LB cells with haplotype C-3 exhibited significantly higher GRP94 induction than those without this haplotype (Figure 3c ; p=0.013 in MannWhitney U test). There was a trend of lower basal level of GRP94 in subjects with haplotype C-3 (n=17, 0.0186¡0.0072) compared to those without haplotype C-3 (n=101, 0.0226¡0.0097, p=0.093). The single SNP genotype of rs17034977 did not show significant effect on the basal GRP94 level and fold change of GRP94 response.
Three-way ANCOVA with factors of GRP94 haplotype, diagnosis, sex, and a covariate of age showed a trend level effect of GRP94 haplotype for basal level of GRP94 (Table S3 , online), but there was not significant interaction between GRP94 haplotype and diagnosis for basal GRP94 levels and GRP94 induction.
Other UPR-related genes
There was no significant difference in the response of GRP78, CALR, and CHOP between BD patients and controls (Figure 4 ). GRP78 has four haplotypes, among which haplotype 4 was reported to be associated with BD in the Japanese population. Although we compared the induction of GRP78 with or without haplotype 4, no significant difference was observed (data not shown). 
Effects of clinical parameters
Effect of clinical variables on the ER stress response was examined. There was no significant relationship between age at onset and any of the gene expression parameters in the BD group (p>0.05). None of the parameters was significantly different between the patients with and without a history of psychosis (p>0.05). With regard to family history, several parameters showed nominally significant difference between patients with and without a family history. Especially, response of CHOP to both thapsigargin and tunicamycin was significantly different between the two groups. Patients with a family history showed significantly smaller response to these two agents compared to those without a family history (Table S4 , online).
Discussion
We found that induction of XBP1t and XBP1s by thapsigargin was significantly reduced in the BD group in accordance with previous findings (Kakiuchi et al., 2003 ; So et al., 2007) (Figure 1 ). We also found that induction of an ER chaperone gene, GRP94 (HSP90B1), in response to thapsigargin was also attenuated in BD (Figure 3 ). There was a non-significant tendency of higher basal expression levels of XBP1s, XBP1u, and XBP1t in BD patients (Table 2 ). These expression levels were statistically significantly higher in BD I patients compared to controls. These findings imply that LB cells from BD, especially BD I, might mildly but constitutively suffer from ER dysfunction even in the basal condition and could not trigger enough appropriate XBP1 response to maintain ER homeostasis on stress condition. The results should be interpreted with caution, because the patient group is heterogeneous, and LB cells are polyclonal. The major strength of this study, in contrast to previous studies, is the use of a relatively large number of LB cells and the carefully designed measurement method for the distinction between XBP1s and XBP1u mRNAs ( Figure S1 , online). We previously reported that this polymorphism on the promoter region of XBP1 removes the binding site of XBP1 itself and compromises the XBP1 induction in response to ER stress (Kakiuchi et al., 2003) . In our previous study, induction of XBP1t 3 h after the 300-nM thapsigargin stimulation was 2.6-fold in C/C genotype cells of control subjects. In the study by So et al. (2007) it was 5-fold in the control cells with C/C genotype 6 h after the 300-nM thapsigargin treatment. In contrast, the induction of XBP1t after the 4-h treatment with 300 nM thapsigargin in the present study was only 1.5-fold in the cells with the same genotype. This was similar to or even lower than that in the G/G cells in previous studies. Thus, the XBP1 loop showed a different functional status in the present experimental conditions in comparison with the previous studies. In this study, we used the cells after two rounds of freezing and reculturing. Our preliminary experiment showed that XBP1t response to thapsigargin was attenuated after the freezing and reculturing process ( Figure S2 , online). Despite this limitation, we used the cells after two rounds of freezing and reculturing to increase the sample size, because only such cells were available for many of the previously collected cell lines. Although the molecular mechanism of alterations in the UPR in LB cells after freezing and reculturing is unknown, freezing of the cells may cause unfolding of the proteins resulting in ER stress. Caution should be exercised in directly comparing the results of the present study with those of previous studies.
It is of interest that we were able to observe the difference in XBP1 response to thapsigargin between BD patients and controls even in those cells with compromised XBP1 response. The present findings, together with the finding by So et al. (2007) indicate that the effect of BD on the response of XBP1 to ER stress surpasses the effect of the XBP1 polymorphism, and impaired XBP1 response to ER stress in BD cannot be solely attributable to this promoter SNP.
An unexpected finding was the significant interaction between diagnosis and XBP1 genotype for XBP1 induction by tunicamycin. This interaction seems to be mediated by the opposite relationship of genotype and XBP1 response between BD patients and controls (Figure 2a) . The XBP1 promoter undergoes complex regulation. NF-Y is constitutively bound to the XBP1 promoter (Donati et al., 2006) , and interacts with ATF6 (Yoshida et al., 2000) . Many other transcription factors were also found to bind to the XBP1 promoter by chromatin immunoprecipitation assay (Donati et al., 2006) . XBP1 itself is one of the transcription factors that directly bind to XBP1 promoter (Acosta-Alvear et al., 2007 ; Donati et al., 2006) . XBP1 expression is also epigenetically regulated by histone acetylation (Donati et al., 2006) . Donati and colleagues hypothesized that XBP1u protein, an inactive transcription factor, is constitutively bound to XBP1 promoter, and this is replaced by XBP1s, an active transcription factor upon ER stress (Donati et al., 2006) . The differential response to ER stress may be caused by the difference in transcription factors bound to the XBP1 promoter. Further studies will be needed to understand this complex relationship between genotype and diagnosis. On the other hand, the protective haplotype of GRP94 against BD displayed significantly higher induction of GRP94 in the presence of thapsigargin, suggesting that the increased mRNA expression by the associated haplotype could be an underlying protective mechanism for BD. The present findings suggest that the UPR dysfunction in BD is not limited to the impaired feedback loop of XBP1 as suggested by our previous study but might reflect broader dysfunction of this pathway.
It should be noted that several BD patients were outliers (p<0.10 by Smirnov-Grubbs test) with regard to the XBP1 or GRP94 induction (Figures 1 and 3) . A recent whole genome association study did not find genes robustly associated with BD (Wellcome Trust Case Control Consortium, 2007) . The effect of copy number variations (CNVs) on the inter-individual variations of gene expression levels cannot be overlooked (Stranger et al., 2007) . In this situation, the role of multiple rare variants in the pathophysiology of BD is revisited (Kato, 2007) . It is possible that not only the combination of common SNPs but also rare mutations or CNVs of the genes in the UPR pathway might contribute to the reduced ER stress response in BD.
Although the large number of molecules participating in this pathway hampers the re-sequencing study, recent innovation in re-sequencing technology will enable a search for rare mutations in this pathway in the near future.
It is unknown why other transcription target genes of XBP1, such as GRP78, CALR, and CHOP, were not altered in LB cells from BD patients. Our finding is in contrast to the results of Kakiuchi et al. (2003) , who showed reduced induction of GRP78 in response to thapsigargin, and So et al. (2007) , who reported reduced CHOP expression in response to thapsigargin and tunicamycin in LB cells derived from BD patients. These discrepancies are probably due to the difference of the culture conditions or patient population. Although we did not find a significant difference of CHOP, we found a significant effect of family history on the response of CHOP. CHOP response was significantly smaller in patients with a family history. This may be relevant to the data of So et al. The discrepancy in the GRP78 response between this study and Kakiuchi et al. (2003) may be due to the difference in the number of freeze and reculture, because GRP78 response was enhanced after this process ( Figure S2 , online).
Although these genes have a cis-acting ER stress response element (ERSE) in their promoter, to which XBP1 directly binds (Yamamoto et al., 2004) , these genes are not regulated solely by XBP1. There might be complicated and parallel signalling pathways for the regulation of these genes.
BD should be caused primarily by brain dysfunction. Thus, it is unlikely that changes of XBP1 and GRP94 in peripheral blood cells directly cause neurological dysfunction. However, if the observed change in LB cells is the intermediate phenotype associated with genetic predisposition to BD, it seems plausible that such changes also occur in neuronal cells. There are three possible explanations for how impaired ER stress response is relevant to impaired neural function in BD : (1) roles of XBP1 in neural development and plasticity, (2) roles of UPR in the maturation and trafficking of receptors, and (3) roles of ER chaperones in calcium signalling.
The first possibility was suggested by our recent finding that XBP1 is dramatically spliced by application of brain-derived neurotrophic factor (BDNF) in mouse primary hippocampal neurons (Hayashi et al., 2007) . We suggested that BDNF increases protein synthesis, which triggers the ER stress condition in neurites and induces XBP1 splicing. BDNF-induced neurite extension and branching was impaired in neurons lacking in XBP1. Although it is an open question whether the neurons of BD patients have impaired XBP1 induction in response to BDNF, the impaired UPR may be one of several factors that together disrupt neuroplastic responses in BD. Decreased levels of BDNF in the serum of BD patients also support this possibility (Cunha et al., 2006) .
With regard to the second possibility, the roles of ER chaperones on the maturation of membrane proteins involved in neurotransmitter signalling have been recognized since the report on the role of GRP78 in the function of the serotonin transporter (Tate et al., 1999) . More recently, the requirement of XBP1 for surface trafficking of GLR-1, a C. elegans, ionotropic glutamate receptor most similar to the mammalian AMPA receptor, has been reported (Shim et al., 2004) .
ER stores Ca 2+ that is used for Ca 2+ signals (Meldolesi and Pozzan, 1998) . Most of the ER chaperones such as GRP78 and GRP94 have Ca 2+ -binding capacity, which regulates Ca 2+ flux (Yu et al., 1999) . ER regulates functional and structural changes in neural circuits in both the developing and adult nervous systems by controlling the levels of cytoplasmic free Ca 2+ locally in growth cones and synaptic compartments. The third possibility is supported by this multiple evidence. Especially, elevated basal or agonist-stimulated intracellular Ca 2+ levels were reported in the platelets or LB cells derived from BD patients (Kato, 2008 ; Warsh et al., 2004) . This might also reflect the altered Ca 2+ -buffering capacity by ER chaperones. So and colleagues reported that there was no relationship between basal calcium levels and the impaired XBP1 induction (So et al., 2007) , which does not support this speculation. However, the sample size in their report was too small to draw a conclusion, and the basal calcium level may not be the sensitive index of altered ER calcium homeostasis in LB cells. In contrast to the findings of So et al., attenuated response was seen only for thapsigargin but not for tunicamycin in this study. However, So et al. also reported that attenuation of XBP1 induction was more prominent for the thapsigargin stimulation (58-65 % reduction) compared to tunicamycin treatment (42-54 % reduction). Although the reason for this discrepancy is unknown, it is intriguing that only the response to thapsigargin, but not to tunicamycin, was impaired in BD in this study. This may also support a possibility that UPR dysfunction in BD is related to altered Ca 2+ signalling. Although it is unknown which mechanism plays a major role in the pathophysiology of BD, these findings suggest that impairment of UPR might be relevant to altered neural functions such as neural development and plasticity.
In the present study, controls were not interviewed by a structured interview. In addition, they were not screened for family history of mental disorders. Thus, the results should be treated with caution.
In summary, altered UPR may play a role in the pathophysiology of BD. Together with pharmacological studies suggesting that lithium and valproic acid up-regulate ER chaperones, UPR might be a potential therapeutic target for BD.
Note
Supplementary material accompanies this paper on the Journal's website (http://journals.cambridge.org).
